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Perovskite solar cells (PSCs) have attracted much attention due to their feasible fabrication process, 
low cost and high efficiency. As one of the most promising photovoltaic devices, PSCs have 
achieved the power conversion efficiency (PCE) of 25.2% recently. However, the stability and 
toxic lead issues of perovskites still inhibit their large-scale applications. The perovskite will 
degrade in months under atmosphere, quite low than its counterpart like silicon solar cells of years. 
The large number of traps residing in perovskite interface account for the instability of perovskite, 
deterioration of PCE and leakage of the poisonous lead. In this thesis, we employed the interfacial 
passivation in the polycrystalline perovskite films for PSCs. In addition, Sb-based complexes with 
pyridyl cations were carried out and successfully implemented as an absorber layer for solar cell. 
As a result, the device with enhanced performance and superior stability was achieved, as well as 
replacing Pb to alleviate the toxic problem and enrich the perovskite family. 
In chapter 1, the background of photovoltaic materials and their currently development, 
including the properties perovskite semiconductors, and the fabrication of perovskite solar cells 
are introduced. The basic principle of perovskite solar cells and their photovoltaic performance 
measurements are depicted. Moreover, the issues of research in perovskite materials and 
motivation of this thesis are presented. 
In chapter 2, we presented a La-doped SnO2 electron transport layer (ETL) for the planar 
PSC. The performance of perovskite solar cell was improved due to the uniform coverage of La 
doped SnO2 ETL film. The conductivity and transparency of the SnO2 were also enhanced after 
the lanthanide doping, thus facilitated the charger injection and transfer of electrons. Furthermore, 
 
 
the upshift of the CBM reduces the band offset at the La-doped SnO2/perovskite interface, thus 
minimizing the energy loss leading to a Voc up to 1.11 V. This study revealed the advantages of 
lanthanide doping within the SnO2 layer, which is an important approach for improving the 
performance of PSCs with a low-temperature processed ETL fabrication.            
In chapter 3, an interfacial modification method was developed for improving the 
efficiency and stability of the inorganic perovskite solar cells. We found that the interfacial 
modification can stabilize the metastable CsPbIBr2 perovskite. The optimizing device maintained 
90% of its initial PCE for 30 h and photoactive over 400 h in ambient air. The reduced trap defect 
in perovskite yielded the enhanced PCE of 9.33% with Voc of 1.33 V. 
In chapter 4, two kinds of lead-free absorbers were prepared via a simple solution-process 
method with high Voc and good stability solar cell devices. As lead-free absorbers, the development 
of these novel Sb-based perovskites showed potential application for photovoltaic devices.        
Finally, general conclusion and prospects are given for the solar cell’s application. 
Perovskite solar cells are still facing the significant challenges in terms of long-time stability and 
toxic of lead with environment concerns. The interfacial passivation is an effective method to 
obtain efficient and stable perovskite solar cell. In addition, the development lead-free perovskites 
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Chapter 1. General introduction 
1.1 Solar energy   
The utilization of solar energy is associated with our civilization and witnesses the evolution 
of human beings’ history. The technology to gain energy from solar light has been boosted since 
1900s. Represented by large-scale commercial silicon solar panels, we achieved solar energy 
conversion directly to electric power in our daily life. On the other hand, the use of clean solar 
energy is necessary concerning the exhaustion of fuel sources and environment degradation1, 2. As 
a result, it’s highly worthy of finding new low-cost approaches to acquire renewable energy from 
solar power.  
Solar energy is inexhaustible and clean energy resource, the energy density of 1.7×105 TW can 
satisfy whole world energy need if we could collect twentieth of solar radiation energy. The solar 
energy intercepted by the earth is illustrated in Figure 1.1, where the vertical incidence on the 
surface can be stored and the UV-visible light is most energy contributor to our energy demands. 
Since 1839, E. Becquerel introduced the photovoltaic material for photo-conversion to electricity, 
the world’s utilization of solar power has reached to 100 GW recently. The exploration of the 
efficient method to use solar energy have been for 170 years3. Many predecessors have devoted to 




Figure 1.1. (a) Absorption of solar energy on earth. (b) The reference solar spectral irradiance 
according to the AM1. From JAXA (https,//global.jaxa.jp/) 
 
 1.2   Photovoltaic materials 
Photovoltaic, defined as the conversion of light into electricity using semiconducting 
materials that exhibit the photovoltaic effect. In 1883, Fritts firstly fabricated the light absorber 
layer based on selenium materials, achieving a power conversion efficiency of 1%4, 5. Since then, 
semiconductor-based solar cells have become the most efficient way to harness the solar power, 




Figure 1.2. (a)  Shockley-Queisser limitation of solar cells measured under AM 1.5 G illumination 
at 25°C as a function of the band gap energy (Eg). (b) Recorded laboratory PCE of perovskite solar 
cells. 
 
Up to now, the first-generation single crystalline silicon (c-Si) have achieved a PCE of 29.1% 
and a PCE of 24.7% for active area of 10 cm2 (Figure 1.2). The thin film solar cells such as 
CuInGaSe (CIGS) and GaAs have reached PCE of 23.4% and 35.5%, respectively. The next 
generation of solar cells represented by dye sensitized solar cells (DSSCs), organic solar cells 
(OPV), and perovskite solar cells (PSCs) have obtained PCEs of 14.0%, 17.4%, and 25.2% 
respectively. These achievements motivate us to explore the novel technology to obtain higher 
efficiency solar cells within their theory limitation. 
 
Figure 1.3. (a) The mechanism of solar photovoltaic device. (b) Pie chart distribution of the cost 
analysis of solar cell modules. 
 
Figure 1.3 shows the pie chart distribution of the cost analysis of solar cell modules and 
the work principle of light absorbing semiconductor under operation. Once panels are activated 
under illumination, photo energy is absorbed and the electron-hole pairs (exciton) are generated 
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inside semiconductor materials. The exciton can easily separate as electron (e-) and hole (h+) with 
low binding energy, and subsequently are driven to ETL and HTL by built-in field. As a result, 
movement of charges in circuit leads to the production of electric current6-8. 
Photovoltaic technology is now available to our life, such as potable solar panels, even 
circumnavigation of solar driven plane (Solar Impulse 2, 2016). Among them, silicon cells as the 
first generation of solar cells are first studied and have achieved more than 20% efficiency under 
operation, but the high price of the levelized cost of perovskite modules with 7-9 US cents kWh-1 
is still expensive9. In addition, the fabrication of sillicon panels is energy consumption and high 
pollution process. There presents a paradox when the clean solar energy is collected by 
unrecoverable sillicon solar cells. These issues drive us to develop the third-generation solar cells 
including dye-sensitized, organic, and perovskite solar cells, which aims at low-cost and 
environment-friendly production with feasible fabrication process. 
1.3 Perovskite solar cells  
A perovskite solar cell is a sandwich structure including perovskite compounds, electron 
transport layer (ETL), hole transport layer (HTL), transparent electrode, and counter electrode. 
Figure 1.4 shows the crystal of perovskite denoted as ABX3, where A is a cation such as Cs+, MA+ 
(CH3NH3+), or FA+ (H2NCHNH2+), B is metal cation such as Pb2+, Sb3+, or Sn2+, and X is a anion (I- 
or Br-). Why we choose perovskite materials rather than silicon or organic as light-absorber layer? 
The reason lies in the orbital hybridization between Pb and I, which offer suitable bandgap of 1.4-
1.6 eV and low exciton bound energy, resulting in the optimal photon induced charge separation 
with less energy loss. Additionally, the rapid crystal growth of perovskite yields a high tolerance 
to atmosphere that it can be fabricated in ambient rather clean-room10-13. The feasible synthesis of 
perovskite gives chemist opportunities to study its optic-chemical properties and boost the 
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efficiently to 25.2%, comparable to its counterpart of silicon solar cells. 
 
Figure 1.4. (a)  Structure model of 3-dimensional perovskite lattice. (b) Diagram of hybridized 
bond between Pb and I orbitals in perovskite. 
1.3.1 Perovskite family 
Classified by metal cations, perovskite is in two categories including Pb-containing and 
Pb-substituted by other metals14, such as tin (Sn), germanium (Ge), bismuth (Bi), antimony (Sb), 
titanium (Ti), etc. For crystalline structure, cubic perovskite solar cells (ABX3) have a similar 3D 
network structure. Their structures consist of an extended 3D network of corner-sharing octahedral 
BX64-, where the organic cations fill the 12-fold coordinated voids among the octahedra15,16. 
There are conventional two kind of 2D perovskite structure. For example, A3B3X9 perovskite 
reveals that the corner-shared octahedral framework is performed as sheet structure. The other is 
a confined 3D perovskite crystalline, divided by organic molecule, to form a practical 2D layer 
structure. 0D perovskites are presented by A4BX6 or A2BX4, such as Cs4PbBr6 and Cs2SnI6, where 
separated octahedral BX64- was special located in perovskite film with cations and voids filling 
the space. Considering the application of perovskite materials, they can be classified as solar cells 
and other applications, such as detector, catalyst for ORR, etc. In this thesis, we provided an 
analysis of the 3D Pb-based perovskite and exploration of lead-free perovskite solar cells, to solve 
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the stability and toxic issues of PSCs. 
 
1.3.2 Optochemical and physical properties of perovskites  
Perovskite semiconductor as absorber has suitable bandgap of 1.5 eV to 2.2 eV, which is 
generally potential to the application of solar cells. In terms of the Gold-Schmidt tolerance factor 





Where rX , rA and rB are denoted as the effective ionic radius of X, A and B ions respectively. Figure 
1.5 shows the distribution of tolerance and bandgap, where cubic perovskite lattice is stable as  is 
in the range of 0.75 to 1. Additionally, the thermal stability of perovskite is measured in 
thermogravimetry (TG) spectra17, 18. Over 300 C, the perovskite decomposed completely. The 
value of absorption coefficient in MAPbI3 is 1×105 cm-1 at around 550 nm, like its counterpart such 
as GaAs and CIGS. Furthermore, the balanced transport velocity of electron and hole guarantee 
their charge extraction ability in perovskite lattice under illumination, such as HTL of 1.2×10-2 
cm2V-1S-1, indicating the improved Voc with less energy loss in PSCs. The charger diffusion length 
of MAPbIxCl1-x is estimated to be 200 µm, suggesting that thickness of perovskite film can be 
micron order to conversion solar energy. The thermal expansion of MAPbI3 is 1.57×10-4/K, 
suggesting perovskite film are under tensile stress. The high coefficient of thermal expansion, 
electrostriction, and local lattice strain due to ion size mismatch that make them more likely to 
cracking and delamination. The large dielectric constant of perovskite is 10-70, leading to the low 
radiation-recombination loss due to screening effect that electrons and holes such that both do not 
feel each other’s presence. However, the ferroelectric domain in perovskite crystal is still in debate, 
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which it’s not sure whether MAPbI3 is a ferroelectricity or not. 
 
Figure 1.5. (a)  The distribution of Goldschmidt tolerance factor in mixed halide perovskite. (b) 
Connectivity models in perovskite and their representative phases. (c) The TG spectra analysis for 
the thermal stability of mixed halide perovskites. 
 
1.3.3 Fabrication of perovskite solar cells 
One of most characteristic of perovskite solar cell is their feasible fabrication process. 
Fabrication techniques, such as spin-coating, vapor deposition, chemical bath deposition, doctor 
blading, and solid-synthesis, are introduced for efficient PSCs. Among them, spin coating is most 
helpful method to deposit thin film on substrates. Spin coating originates from semiconductor 
industry, which is an approach to cast precursor solution across the surface of a substrate during 
rotating. Figure 1.6 illustrated the layer-by-layer deposition via spin coating for a complete PSC. 
The advantages of spin coating method are the simplicity to obtain fine film and tolerance to 
atmosphere. In addition, the speed-dependent thickness was shown in Figure 1.6 due to the 
importance of thickness-tunable in film synthesis19-22. However, the spin coating method require 
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wettability of precursor solution and waste of raw materials, which limits its application at large 
scales.  
 
Figure 1.6. (a)  Schematic illustration of spin-coating process. (b) The rotation assisted drop 
casting separation for uniform thin film across the substrate. (c) The spin speed-dependent 
thickness during spin coating process. 
 
The vacuum vapor deposition method is the main manufacturing process to produce 
organic light-emitting diode (OLED). David B. Mitzi and his coworker introduce the perovskite 
fabrication method by a dual-source evaporation in a high vacuum chamber. After MAX and PbX2 
were simultaneously evaporated on substrate, the brown perovskite was obtained during annealing. 
Chemical bath deposition (CBD) has been considered as an industrial technology for fabrication 
of perovskite film. Under controlled temperature and concentration of precursor, the substrate is 
merged in perovskite solution and the subsequently are annealed for growth of perovskite crystal. 
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Doctor-blading is a scalable printing approaches that exhibit high performance reproducibility. 
Amassian’s group printed a triiodide perovskite film at optimized blade-coating temperature, 
achieving a champion PCE of 17.6% at 2 cm×2 cm area. Han utilized the pressure processing 
method for the deposition of perovskite film to obtain a device with certified PCE of 12.1% at an 
aperture area of 6 cm×6 cm23-25. 
 
Figure 1.7. (a)  A schematic view of a vacuum vapor deposition and (b) Chemical bath deposition 
with controlled temperature. (c) Doctor blading preparation for large-area perovskite film. (d) 
Applied pressure and peeled PI film for perovskite solar modules  
 
1.3.4 Perovskite device structures and working principle 
As mention above, the perovskite is expected to be potential for next generation solar cells 
due to its excellent properties26, 27. Two type of architectures are introduced in Figure 1.8, denoted 
as regular (n-i-p) and inverted (p-i-n) perovskite devices, where the difference lies in the electron 
transport direction. A completed perovskite device includes the FTO or ITO substrate as photo-
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anode, ETL for extraction of electron, perovskite absorber layer, HTL for holes transfer, and metal 
electrode (Au, Ag, Cu, Al) as counter electrode28, 29. 
 
Figure 1.8. Perovskite Solar cells with (a) mesoporous electron transport layer (n-i-p) and (b) 
inverted-planar structure (p-i-n). HTL represents the hole transport layer. 
 
Generally, n-type semiconductor are used as ETL with uniform film, such as TiO2 and SnO2. 
2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene (Spiro-MeOTAD), 
Poly(3-hexylthiophene-2,5-diyl) (P3HT), and Poly(bis(4-phenyl)(2,4,6-trimethylphenyl)amine) 
(PTAA), as p-type molecule, are used for high performance PSCs due to their high hole mobility. 
Additionally, the performance of PSCs is related with the conduction band of ETL and valence 
band of HTL. Under illumination, electrons are excited from the valence band (VBM) of a 
semiconductor absorber to its conduction band (CBM), splitting the quasi-Fermi levels of electrons 
(EFe) and holes (EFh). (EFe - EFh) is the value of Voc for a solar cell. The electron is injected into 
ETL along with hole to HTL30, 31. Afterwards, the electron was conducted to external circuit to 




Jcell = Jph ̶ Jo (exp (q×V+q×Jcell×Rs) / kB×T ̶  1]  ̶  (V+J×Rs)/Rsh 
        Where Jph is photo-generated current, Jcell is the output current, Rs is the series resistor, kB 
is Boltzmann constant, and Rsh is the recombination resistor. In practical operation, Current-
voltage character is adopted to measure the performance of a PSC. The power conversion to 
efficiency is introduced to define the quality of a device. 
PCE = Pmax/Pall = Voc×Jsc×FF  
 
Figure 1.9. (a)  The illustration of equivalent circuit model in perovskite based on diode circuit. 
(b) The current-voltage measurement for evaluation of perovskite solar cells performance.  
 
 
1.4 Issues of perovskite solar cells and motivation of this work 
Perovskite materials exhibit excellent optoelectronic properties and huge potential for 
application in solar cells. However, the PCE of PSCs is much less than their Shockley-Queisser 
limitation. The cartoon in Figure 1.10 illustrated the analysis of energy loss in a perovskite device. 
E1 is the electron-phonon coupling loss. E2 is attributed to radiative recombination and E3 to 
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the defect-assisted and Auger recombination loss. The Voc deficit is defined as follows, 
Voc (deficit) = Eg/q - Voc 
The difficulty in understanding the role of energy loss in perovskite arises from the intrinsic 
of its soft nature and ionic characters, where the loss is not fixed and could be created or vanished 
in response to external stimulus32-34. Considering interfacial passivation has been widely employed 
to reduce the defect densities, passivation engineering at the interface was incorporated to reduce 
the defects for stable and efficient perovskite solar cells35. 
 
       
Figure 1.10. (a) The illustration of a perovskite solar cell as waterfall, where the water level 
represents of the Voc and the cloud represent the generated energy from sun. (b) Analysis of energy 
loss in perovskite solar cells. 
 
In this thesis, for MAPbI3 perovskite solar cells, we improved the electron extraction ability 
by La-doped SnO2 ETL for planar structure of PSCs. With lanthanide doping, the defects within 
interface between perovskite layer and SnO2 ETL layer was obviously reduced and the charge 
transfer was enhanced, whereby improving the performance of perovskite film coverage without 
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pinholes. In order to solve the thermal stability issues in hybrid perovskite solar cells, organic 
cations were substituted by cesium (Cs) to fill the 12-fold coordinated voids among the perovskite 
crystalline. Sb2S3 passivation at the interface was incorporated to reduce the defects and suppress 
halide phase segregation for a stable CsPbIBr2 perovskite. In the next chapter, we synthesize the 
pseudo-perovskite solar cell device with the formula of PySbBr6 via solution-process fabrication 
methods. We also provided an analysis to elucidate the composition of Sb-based complexes 
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Chapter 2. La doped SnO2 for efficient planar-structure 
MAPbI3 perovskite solar cells 
 
2.1 Introduction 
PSCs have experienced rapid progress since an organic-inorganic hybrid CH3NH3PbI3 
perovskite was first introduced as a light absorber in 2009 1. The organic-inorganic hybrid 
perovskite (APbX3, A = CH3NH3, CH(NH2)2, or Cs; X = I-, Br- or Cl-), in which the organic group 
stabilizes the (PbX6)- octahedron structure, have witnessed a dramatic development in solar cells2. 
The PCE has risen to 23.1% for a PSC which employed TiO2 as the electron transport layer (ETL) 
3-5. However, the traditional TiO2 as an ETL is inefficient for charge extraction at the 
perovskite/TiO2 interface. In addition, the devices using TiO2 suffer from serious degradation 
under ultraviolet light, thus its stability limits its further application. SnO2 is a highly conductive 
n-type semiconductor in nature and quite stable for solar radiation. In addition, SnO2 with an 
electron mobility of 1×10-3 cm2V-1s-1 is higher than that of TiO2 of ca. 1×10-4 cm2V-1s-1, which 
suppresses charges accumulation at the SnO2/perovskite interface 6-10. SnO2 is easily synthesized 
at low temperature, showing the potential for PSCs in large-scale applications 11-13.  To date, You 
et al. achieved the champion PCE of 23.23% for perovskite solar cells based on the SnO2 ETL 14. 
Therefore, SnO2 is a very promising ETL material for highly efficient PSCs. 
However, a SnO2-based ETL with spontaneous aggregation results in pinholes or island 
morphology. The poor film performance hinders photo-generated electron injection into the SnO2 
electron acceptor. To solve this issue, several solutions have been attempted to reduce the SnO2 
defects, such as surface passivation, i.e., PCBM, n-type metallic oxide, graphene quantum dots 15-
25, have proven its effectiveness in reducing the surface defects and surface electron traps of SnO2 
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to improve the efficiency 26, 27. Another important strategy is ion doping to change the band 
structure and trap states of the SnO2. Alkali metallic ions, such as Li+, K+, Mg2+, and Al3+, are 
expected to improve the conductivity and stability of the SnO2 layer. The superior conductivity of 
the alkali ions is able to reduce the series resistance, consequently improving the open-circuit 
voltage (Voc) 28-30. Other dopants, such as the n-type Cd3+, Sb3+, Y3+, and Nb5+, are purposed to 
create donor centers to accelerate the charge mobility and to alleviate the photo-generated electron 
accumulation, for enhancements of the short-circuit density (Jsc) and fill factor (FF) 31-33. In 
addition, F- and Cl- anion dopants have also been discussed. The researchers found that the 
conductivity of anion-doped SnO2 is increased, along with the reduced band offset, resulting in an 
increased Voc 34-37.   
On the other hand, the rare earth element is a good doping candidate due to its unique optical 
and electronic properties from its unfilled 4f electronic shell. When it is incorporated into the ETLs, 
lanthanide could have an impact on the ETL optical property and stability. Seok group employed 
La-doped BaSnO3 as efficient ETL for the PSCs. Lanthanide in the BaSnO3 crystal exhibited a 
high electrical mobility of 320 cm2V−1s−1, promoted the electron extraction from the perovskite 
layer, and showed a superior steady-state PCE of 21.2% 38. Gao and his coworker tuned the TiO2 
ETL Fermi level by doping La3+ into mesoporous TiO2, thus achieving a PCE of 15.42% 39. Due 
to the inherent properties of the lanthanide, it exerts beneficial effects on the SnO2 ETL 40.  
In this direction, we first employed the lanthanide doped SnO2 compact layer for planar PSCs, 
with the PCE achievement of 17.08%.  After doping the lanthanide, the morphology of the SnO2 
layer was obviously improved. Lanthanide doping affects the crystallization of SnO2 during the 
annealing process, where perfect film coverage was obtained without crystal aggregation and 
pinholes. In addition, lanthanide doping improved the conductivity of the SnO2 layer and upward 
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shift of the conductive band minimum (CBM), which contributed to the Voc increase and 
suppressed the hysteresis behavior. Our simple interfacial control approach uses a new efficient 
dopant material, demonstrating that lanthanide doping can be a feasible strategy for improving the 
performance of perovskite solar cells. 
 
2.2 Preparation of SnO2 ETL and perovskite device fabrication 
2.2.1 Materials 
All chemicals were purchased and used without further purification. The instruments in 
experiments were listed below.  
Table 2.1 Chemical reagents used in experiments 
           Reagent     Purity Company 
Methylammonium iodidem (MAI)    99.99% Sigma-aldrich 
Lead (II) iodide (PbI2)    99.0% Wako Pure Chemical Industry 
Lanthanum (III) chloride (LaCl3)    99.0% Tokyo Chemical Industry 
Spiro-OMeTAD    99.0% Sigma-aldrich 
Li-TFSI    99.9% Sigma-aldrich 
Au    95.0% Honjo-chem.co.jp 
FTO glass  OPV Tech 
chlorobenzene 99.5% Sigma-aldrich. Co. 
absolute ethyl alcohol 99.5% Wako Pure Chemical Industry 
ethylene dithiol     99.0%   Wako Pure Chemical Industry 
FK102 Co (II)PF6 salt     99.0%     Tokyo Chemical Industry 
20 
 
FTO     30Ω OPV, China 
SnCl2     99.0%  Wako Pure Chemical Industry 
 
 
2.2.2 Synthesis of compact La doped SnO2 layer  
Fluorine-doped tin oxide (FTO) glass was chemically etched (Zn powder and 2 M HCl) to 
attain a partial etching pattern with a width of roughly 5 mm. The etched FTO substrate was then 
cleaned with a surfactant and successively rinsed with acetone, ethanol and deionized water and 
finally dried in an oven. 0.189 g SnCl2 was dissolved in 10 mL of absolute ethyl alcohol (0.1mol/L) 
with an extra 36 μL of deionized water. For the lanthanide doping precursors, lanthanide (III) 
chloride was dissolved in absolute ethyl alcohol to form a solution with a 0.8 mol/L concentration. 
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Different dosage, 1μL, 2.5 μL, and 5 μL LaCl3 solution were added to the 1 mL tin precursor to 
obtain 1%, 2.5%, and 5% molar ratio doped samples, respectively. All the precursor solutions were 
filtered through a 0.22 μm PTFE filter before use. The precursors were spin coated on a clean FTO 
glass at 2000 rpm for 30s, then annealed at 100 C for 10 min and at 180C for 1 h. 
2.2.3 Perovskite solar cell device fabrication 
A device with an n-i-p regular planar structure of FTO/SnO2/MAPbI3/Spiro-OMeTAD/Au was 
fabricated in a N2-filled glove box. The precursor solution of the one-step perovskite deposition 
was prepared by dissolving 0.22g methylammonium iodide (CH3NH3I) and 0.64 g lead iodide 
(PbI2) in a solution of 800 μL DMF and 200 μL DMSO (4,1, v:v), then stirred for 2 hours at 60 °C. 
The HTL solution was prepared by dissolving 72.3 mg of spiro-OMeTAD, 28.8 μL of 4-tert-
butylpyridine, and 17.5 μL of lithium bis-(trifluoromethanesulfonyl) imide (Li-TFSI) (520 mg Li-
TFSI in 1 mL acetonitrile) in 1 mL of chlorobenzene. All solutions were filtered through a PTFE 
filter (0.2 µm pore size) before use. After the SnO2 or La-doped SnO2 layer was treated by UV-
Ozone for 15 min, the MAPbI3 precursor was spin-coated at 4000 rpm for 30 s. A 150 μL of ethyl 
acetate was dropped on top of the perovskite precursor 20s before the end. Afterward, the 
perovskite layer was sintered at 100 C for 10 min. A 75 μL of spiro-OMeTAD was spin coated at 
4000 rpm for 30s. Before the device was tested, 80 nm Au was thermally evaporated on the device 
at a ratio of 0.5 Å/s. 
The X-ray diffraction (XRD) was scanned from 5 ° to 80 ° at the rate of 0.01s-1 using an X-
ray diffractometer (Rigaku Co., Ltd., Tokyo, Japan) with Cu Kα radiation (λ=1. 54056 Ǻ). The 
field emission scanning electron microscope (FE-SEM) (JSM-6701, JEOL) was used to capture 
the morphology of the perovskite films. A UV-VIS-NIR spectrophotometer (V-670, JASCO Co., 
Ltd., USA) was measured to characterize the optical properties of the samples. The Fourier 
transform infrared spectroscopy (FTIR) was carried out using a spectrometer (4100, Jasco 
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Instruments, USA). The IPCE was applied to record the perovskite absorption by monochromatic 
illumination (A 300 W Xenon arc lamp through a Nikon G250 monochromator). The transient 
photovoltage decay measurements were carried out using a 630-nm diode laser via the 5ns pulse 
duration and frequency of 4 Hz. The voltage responses from the device were recorded using a DS-
5554 Iwatsu digital oscilloscope. The electrochemical impedance spectroscopy (EIS) was carried 
out by the 1255B Solartron Analytical. The current response to voltage (J-V) curve was measured 
by a Keithley 2450 solar simulator interfaced with a Xenon lamp (Bunko Keiki BSOX150LC) at 
100 mW cm-2 under AM 1.5G conditions. The cell area was controlled at 0.08 cm2 by a black metal 
mask to measure the photovoltaic performance of the devices. 
 
2.3 Results and discussion 
2.3.1 Properties of La doped SnO2 ETL 
FTIR was first employed to study the effect of lanthanide on the tin solution precursor. As 
shown in Figure 2.1a, the peaks at around 3340 cm-1, 2979 cm-1, 1039 cm-1 represent O-H, C-H, 
and C-O stretching vibrations of ethanol, respectively. The peaks at 1380 cm-1 and 878 cm-1 are 
attributed to the C-H bending vibration. It should be noted that peak at 3670 cm-1 is attributed to 
the tin-induced O-H stretching vibration, which is commonly observed in a ligand complex 
solution. In addition, the peak is sharper after lanthanide doping of the precursor. The characteristic 
peaks of the lanthanide ethanol solution are located at 2357 cm-1 and 1735 cm-1. Similar peaks are 
also observed for the lanthanide-doped precursor, indicating a small amount of lanthanide doping 
into the precursor lead to a chemical atmosphere change. Therefore, lanthanide doping affects the 
crystallization of SnO2 during the annealing process. The influence of dopants on the precursor are 
universal but rarely mentioned, and the mechanism could be explained by the Debye-Hückel 
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equation. La3+ dopant enhances the stability of tin ligand compound in solution, wherein it prevents 
the small tin ethanol complex from aggregating during the sintering process. The conductivity of 
the SnO2 before and after the addition of the lanthanide was investigated by a bias voltage sweep 
under the light condition, as illustrated in Figure 2.1a. The electrical conductivity of the pristine 
SnO2 recorded a value of 50 cm-2 and it increases along with the change in the lanthanide to 
30cm-2, which is consistent with the conductivity value reported in the literature (30 cm-2). 
Figure 2.1 shows the optical transmission spectra of SnO2 from the wavelength of 300 nm to 800 
nm. The transparency increase after the lanthanide doping indicates that the La3+ is beneficial for 
the SnO2 optical transmittance performance. La-doped SnO2 samples with a high transparency and 
conductivity enhance the electron transport. 
 
Figure 2.1. (a) The Fourier transform infrared spectroscopy (FTIR) of tin and La-doped tin 
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precursors in ethanol solution. (b) XRD pattern of SnO2 and La-doped SnO2 (2.5% molar ratio) 
deposited on FTO substrate. (c) The electrical conductivity spectra of pristine SnO2 and La-doped 
SnO2 films with different La contents. (d) Transmittance spectra of pristine SnO2 and La-doped 
SnO2 films with different La contents. 
 
Figure 2.2 displays the XPS pattern of La-doped SnO2 where the SnO2 layer with 2.5% 
lanthanide doping exhibits four peaks with binding energies of 832.1 eV, 835.9 eV, 848.9 eV, and 
853.2 eV, which correspond to La 3d5/2 and La 3d3/2, thus proving the existence of La3+. The valence 
band maximum (VBM) of the La-doped SnO2 and SnO2 layers were determined by photoelectron 
yield spectroscopy (PYS). As Figure 2.3 revealed, the VBM edge is determined from the 
intersection point between the tangent line and the baseline of the spectra. Subsequently, by 
combining the results of the band gap energy (Ebandgap) and VBM, the conduction band minimum 
(CBM) is determined, as depicted in Figure 2.3. The shallower CBM increase (shifted from -4.09 
eV to -4.02 eV) thus increases the Voc of the PSCs. Also, the addition of La within the SnO2 
framework shifted the CBM closer to the perovskite layer (-4.02 eV), hence, an ease transport of 




Figure 2.2. (a) The wide XPS spectra of La doped SnO2 film. (b), (c), and (d), the specific peaks 
of O 1s, Sn 3d, and La 3d, respectively. 
 
The top view morphological images of SnO2 and La-doped SnO2 are shown in Figure 2.4. 
The pristine SnO2 (Figure 2.4a) growth on the FTO was aggregated with the formation of pinholes 
(red-circled), while a pinhole-free morphological surface of SnO2 (Figures 2.4b and c) was 
observed upon the incorporation of a minute amount of La within the SnO2 lattice. It is 
hypothesized that the pinholes and aggregated island surface could cause severe recombination at 
the interface between the ETLs and perovskite layer, which is a disadvantage for PSC applications. 
However, when the dopant concentration is further increased, the morphological surface of the 5% 
La-doped SnO2 with pinholes was again revealed, which implies optimizing the concentration of 
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La is indeed important for the best PSC performances. Clearly, lanthanide doping effectively 
enhances the SnO2 film coverage quality, reduces the surface-state traps, thus leading to a high 






Figure 2.3. (a), (b), (e), and (e) Photoelectron yield spectroscopy (YPS) spectrum of SnO2 with 
varying contents of La doping, respectively. (c) The calculated energy level of SnO2 thin film after 
doping. (f) The diagram of energy matching in a perovskite device. 
 
Figures 2.4 (a) and (d) show the top-view SEM images of the perovskite film deposited on 
the untreated SnO2 and La-doped SnO2 ETL. The perovskite film exhibits a uniform crystal size 
of ca. 300 nm along with a smooth coverage surface coverage. Meanwhile, the crystal size of 




Figure 2.4. (a), (b), (c), and (d) SEM images of pristine SnO2, La doped SnO2, reference perovskite 
crystal, and growth on the La doped SnO2 substrate, respectively. (e) and (f) The distribution of 
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grain size on different substrates. 
 
 
2.3.2 Properties of perovskite 
After the precursor is spin coated on the FTO substrate, the corresponding X-ray diffraction 
(XRD) spectrum is presented in Figure 2.5. The main peaks located at 26.33, 37.80, 51.47 are 
indexed to (110), (101), and (211) respectively, indicative of a tetragonal rutile SnO2 structure, and 
importantly, the lanthanide dopant does not induce disruption (40). In addition, the XRD peaks of 
SnO2 with or without the La dopant are identical, indicating that the lanthanide dopant is 
homogeneously dispersed in the SnO2 crystal. Figure 2.5 displays a cross-sectional SEM image of 
the complete device. The perovskite crystal is in close contact with the compact La-doped SnO2 
layer, which benefits the longitudinal carrier transport.  
The previously mentioned changes show that the SnO2 film is significantly improved upon 
the doping of lanthanide. The stable La-doped SnO2 layer supported a PSC device with an 
improved efficiency. Figure 2.5 reveals the XRD pattern of the perovskite coated on the pristine 
SnO2 and La-doped SnO2. Both peaks (blue and black) are identical to that previously reported. 
The detail information of the internal crystal strain and crystallite size are fitted by the Williamson-
Hall equation. The Williamson-Hall plot is commonly used to reveal trends in the crystallite size 
and strain, which in turns reveals the properties change of the product. As shown in Figure 4b, the 
slope of the plot response to the strain and the intercept is related to the inverse crystalline size. 
The strain of the perovskite is hypothesized to be relaxed on the La-doped SnO2 layer with a 
reduced density of crystal defects. The fitted crystalline size of the La-doped SnO2 perovskite is 
consistent with the SEM results. 
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The photovoltaic performances of the La:SnO2-based PSCs were provided in Figure 2.5c. 
When the lanthanide doping molar ratio was increased to the optimum concentration of 2.5%, the 
PCE was substantially increased to 17.08% from 14.24% (for pristine SnO2). However, further 
increasing of the La concentration (5%) does not improve the PCE, conversely, the PCE dropped 
to 15.92%. The pristine SnO2 ETL gives a PCE of 14.24% with Jsc of 20.67 mAcm−2, VOC of 1.06 
V, and FF of 0.65 from a reverse scan direction. When La is doped into the SnO2 ETL, the PCE 
rapidly increased to 17.08% with the Jsc of 21.77 mAcm−2, VOC of 1.09 V, and FF of 0.72. The 
enhanced JSC and FF are due to the higher electron conductivity and reduced resistance of the La-
doped SnO2 ETL. The increased VOC is ascribed to the upshifted conduction band level of La-
doped SnO2 which is perfectly matched to the perovskite layer. Figure 5b shows the IPCE and 
integrated current based on the various ETLs. The IPCE integrated current density for the SnO2-
based cell is 19.31mAcm−2, and it increased to 21.07 mAcm−2 for the device on the La-doped 






Figure 2.5. (a) (a) XRD pattern of perovskite on SnO2 and La-doped SnO2 (2.5% mol ratio) ETLs 
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respectively. (b) Williamson-Hall fitting of perovskite layer on SnO2 and La-doped SnO2 layers. 
(c) The J−V curves of PSCs devices based on pristine SnO2 and La-doped SnO2 with different La 
doping contents. (d) The cross SEM of a completed perovskite device. (e) IPCE of the PSCs based 
on SnO2 and La-doped SnO2 ETLs, respectively. 
 
2.3.3 The work function of La doped SnO2 for improving the performance of PSCs 
The EIS plot of the devices on the pristine SnO2 and La-doped SnO2 ETLs are shown in 
Figure 2.6 where the series resistance (Rs), which corresponds to fitting R1, decreased from 4.92 
to 1.12, implying an efficient injection and transfer of electrons at the La-doped SnO2/perovskite 
interface. The stability and reproducibility of the device were studied by preparing more than 20 
individual devices based on the SnO2 and La-doped SnO2 ETLs without encapsulation. The steady 
state output (Figure 2.6) at the maximum power point of the PSCs was carried out, in which there 






Figure 2.6. (a) The hysteresis effect of reference device and La doped substrate, respectively. (b) 
The steady measurement of device with time depend PCE. (c) The power output at maximum point 
of champion device. (c) The EIS spectra of device with varying La doping. (e) Steady-state 




SnO2/perovskite samples. (f) Time-resolved photoluminescence (TRPL) of perovskite absorber 
deposited on SnO2 and La-doped SnO2 substrates. 
 
To investigate the electron extraction and transport mechanism of the device, the steady-state 
PL and TRPL were measured for the perovskite layer on the SnO2 and La-doped SnO2 layers, 
respectively. As shown in Figure 2.6, the PL spectra of the FTO/perovskite apparently exhibited 
the highest PL intensity, indicating a serious recombination in the cell. The FTO/La-doped SnO2/ 
perovskite sample with reduced recombination, led to a more effective electron extraction ability. 
Figure 2.6 displays the TRPL spectra of the same devices. The PL decay time and amplitudes are 
fitted using the exponential ExpDecay 2 and the fitting results are listed in Table 2.3. Commonly, 
the fast component (1) in the PL decay is expected to indicate the presence of defect trapping, and 
the slow component (2) is responsible for the recombination lifetime. The average decay time of 
the FTO/SnO2/perovskite is 41.05 ns, and it reduces to 27.33 ns for the device on La-doped SnO2. 
This indicated that the electron transport is faster from the perovskite layer into the La-doped SnO2 
ETL. The rapid charge injection rate from the perovskite layer to La-doped SnO2 ETL is beneficial 
to the electron-hole separation and effectively suppressed the charge recombination at the interface, 





Figure 2.7. The distribution of measurement parameters for perovskite devices. (a), (b), (c), and 
(d) The distribution of Voc, FF, Jsc, and PCE, respectively. 
 
Table 2.3. A fitting summary of the TRPL Spectroscopy based on the FTO/Perovskite, 
FTO/SnO2/Perovskite, and FTO/La-doped SnO2/Perovskite, respectively 
Samples ave (ns) 1 (ns) 
Amplitude 
1 (%) 2 (ns) 
Amplitude 
2 (%) 
FTO/perovskite 671.62 51.01 65.01 750.23 34.99 
FTO/SnO2/perovskite 41.05 10.21 67.44 35.17 32.56 
FTO/La-doped 





Figure 2.8. (a)  Schematic structure and cross-sectional SEM images of perovskite solar cells. 
 
As shown in Figure 2.8, the detail of perovskite solar cell device was presented and the 
coss-section of perovskite interface was illustrated. The layer-by-layer structure highlight the 
importance of interfacial layer. The La-doped SnO2 guarantee the more efficiency of electron 
extraction ability, yielding high efficiency and stable device. Figure 2.7 presents the distribution 
of the PCE, Voc, and Jsc. During the measurements, the cells were kept under light coverage at a 
humidity of ca. 70%. For the La-doped SnO2-based PSC, the PCE of the cells could still retain 
74% of its initial efficiency after 10 days of storage, while only 45% of its initial efficiency was 
retained for the SnO2-based device. The improved stability performance could be due to the 
alleviated hysteresis effect (4.5%) of the La-doped SnO2 relative to the high hysteresis of the 
pristine SnO2 layer (5.5%). 
2.4 Conclusions 
In this chapter, Enhanced SnO2 as an effective ETL in PSCs has been successfully prepared by 
a low temperature processing at 180 C. We found that the addition of lanthanide to the tin 
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precursor solution can reduce the SnO2 crystal aggregation, resulting in a pinhole-free surface 
morphology. The conductivity and transparency of the SnO2 were enhanced after the lanthanide 
addition, thus facilitated the charger injection and transfer of electrons. Furthermore, the upshift 
of the CBM reduces the band offset at the La-doped SnO2/perovskite interface, thus minimizing 
the energy loss leading to a Voc up to 1.11 V. This study revealed the advantages of lanthanide 
doping within the SnO2 layer, which is an important approach for improving the performance of 
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Chapter 3. Suppression of iodide ions migration via 
defect passivation in inorganic perovskite solar cells 
3.1 Introduction 
Organic-inorganic hybrid perovskite solar cells (OHPs) with excellent optical-chemical 
properties have achieved a striking progression,1,2  measured by power conversion efficiency 
(PCE) from 3.8% to 25.2%.3,4 Furthermore, the cost of OHPs by the solution preparation process 
was calculated to be half of crystalline silicon solar cells (the levelized cost of perovskite modules 
with 3.5-4.9 US cents kWh-1).5,6 There results in main threshold of OHPs dependent on stability 
issues, considering three elements of the efficiency, cost and lifetime (stability).7 In this respect, 
one can expect stability problems in perovskite film including thermal stability due to volatile 
organic methylammonium (MA) or formamidinium (FA);8 Chemical degradation induced by 
illumination, moisture, and oxidation under working conditions.9,10 Organic cations substituted by 
cesium (Cs) to fill the 12-fold coordinated voids among the perovskite crystalline, can be a good 
option to deal with thermal stability issues.11,12 For example, CsPbI3 is more thermal stable than 
its counterpart MAPbI3, enduring high temperature leveled up from 403 K to 650 K without phase 
transition.13 However, the black -phase CsPbI3 (cubic) can easily turn to yellow -phase 
(orthorhombic) at room temperature, with PCE loss from 18.4% to 0.14 The reason is structural 
stability of inorganic CsPbI3 in terms of the Gold-Schmidt tolerance factor (0.8), wherein Cs 
cations are small and prefer to form non-photoactive yellow -phase.15,16 Addition of Br is an 
effective strategy to form a stable cubic phase due to smaller Br shrinking the perovskite lattice 
parameter (0.81). CsPbI2Br and CsPbIBr2 prove to be more stable than CsPbI3 and are widely 
adopted for efficient and stable photovoltaic devices.17-21 The phase transition can be significantly 
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suppressed via increasing the Br dosage.22 Nevertheless, the halide segregation is another cause 
for the instability in mixed halide perovskite.23,24 It was proposed that halide ions migration via 
vacancies assisting might be the possible origin of phase segregation.25,26 Halide-vacancies are 
common surface defects and act as pathway for ions diffusion, resulting in I-rich and Br-rich 
domains in the unit cell.27-31 In addition, high trap density induced by mobile halide can accelerate 
device degradation under external stimulus. Thus, reducing defect density by fixed perovskite 
lattice could be one of the most strategies for achieving a device of year’s lifetime. 32,33  
The difficulty in understanding the role of defect state in metal halide perovskite arises 
from the intrinsic of soft nature and ionic characters, where the traps are not fixed and could be 
created or annihilated in response to ions migration.34 The triangle elements, the traps (represented 
by vacancies), ions migration and phase segregation are collectively observed in inorganic 
perovskite, especially in CsPbIBr2. The Br or I vacancy in octahedral PbX64- allow halide ions 
drift easily, whereby leaving vacancy-rich behind and leading to the defect density increase. Phase 
segregation is the result of ions migration and hosts the areas of high vacancy densities. Brˉ is 
entropy, expelling Iˉ spontaneously to obtain a thermally stable phase when Brˉ dosage over 60% 
in CsPbIBr2 perovskite.35-38 Therefore, we choose CsPbIBr2 with obvious iodide drift behavior 
without the interference of complicated organic compounds. Considering defect passivation 
engineering has been widely employed to reduce the defect density, we incorporated Sb2S3 
passivation to reduce the defects and suppress halide phase segregation for a stable perovskite. 
Iodide ions expelled from the perovskite layer via potentiostatic treatment (PT) was exploited for 
the effect of passivation on halide ions shifting.39 The results conveyed that the mobile halide ions 
were retarded significantly with Sb2S3 interfacial passivation. Thermal stimulated current was 
calculated to evaluate the defects density in perovskite device,40 the defects density was one-tenth 
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of pristine device after Sb2S3 modification, thus enhancing performance and stability of solar cells. 
To such knowledge, we describe how passivation determines the efficiency and stability in 
CsPbIBr2 solar cells. A champion PCE of devices was obtained via a controlled Sb2S3 interfacial 
passivation, with the best Voc of 1.33 V in FTO/TiO2/Sb2S3/CsPbIBr2/P3HT/Au configuration.  
     
3.2 Materials and experiments 
3.2.1 Materials 
All chemicals were purchased without further purification. Which are listed below.  
Table 3.1 Chemical reagents used in experiments 
           Reagent     Purity              Company 
        TiO2 colloids   15% in water                 Alfa Aesar 
        Zinc powder  99.99%              Sigma-aldrich 
      Hydrochloric acid   36.5%  Wako Pure Chemical Industry 
         FTO glass   Glass                    Opvtech 
            PbBr2   98%          Tokyo Chemical Industry 
          CsI   99%          Tokyo Chemical Industry 
  Ethyl acetate  99.99%                Sigma-aldrich 
          LiTFSI  99.99%           Macklin Co., LTD 
          P3HT   99.7%           Macklin Co., LTD 
 4-tert-butylpyridine    AR                Sigma-aldrich 
    Chlorobenzene  99.9%                Sigma-aldrich 
N, N-dimethylformamide 99.99%                Sigma-aldrich 
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   Dimethyl sulfoxide 99.99%                Sigma-aldrich 
              Au       -              Unico Co., LTD 
 
3.2.2 Perovskite devices fabrication and characterization  
The approach to synthesis of Sb2S3 was widely adopted as Chen’s group. In brief, the 
preparation of the Sb/TU complex precursor solution was accomplished by mixing 0.05 mmol of 
SbCl3 and 0.15 mmol of thiourea (TU) in a 1 mL DMF solvent. Then, the mixed solution was 
stirred at room temperature for 2 before use. Similar to the aforementioned synthetic process, 
varying concentration of precursors were prepared for passivation. After stirring, the Sb/TU 
complex precursor solution was spin-coated on a compact layer of TiO2 (c-TiO2) at a speed of 
4000 rpm for 30 s, followed by annealing at 120 °C for 10 min, then the precursor film was 
annealed at 230 °C for 2 min in glovebox. The Sb2S3 passivated substrate was prepared for next 
PSCs’ device fabrication.  
First, FTO glasses were washed with distilled water (H2O), acetone (ACE) and isopropanol 
(IPA) sequentially for 15 min in each solvent. And then 15 min UV-O3 treatment was also 
employed to FTO substrates before we deposited of titanium isopropoxide precursor (c-TiO2). 
Inorganic CsPbIBr2 perovskite precursor colloid was prepared by directly mixing cesium iodide 
(1 M) and lead bromide (1 M) in pure DMSO solvent (1 M perovskite precorsor). 75 μl CsPbIBr2 
precursor colloid was spin coated at 1000 rpm for 20 s and then 3000 rpm for 30 s. Finally, the 
perovskite film was annealed at 160 °C for perovskite crystal growth in 10 min. For Sb2S3 in 
perovskite, the precursor was spin coated on the Sb2S3 medicated substrate and treated as above. 
After the perovskite film was cooled down, 15 mg/ml of Poly(3-hexylthiophene-2,5-diyl) (P3HT 
solution in chlorobenzene) was spin-coated at 4000 rpm for 30 s. Finally, 80 nm gold was 
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evaporated as electrode under high vacuum (˂4×10-3 Pa). The device for linear sweep 
voltammograms test, the Sb2S3 was spin coated on FTO glass without TiO2 ETL, then perovskite 
layer was deposited on FTO/Sb2S3 substrate for iodide ions expelling measurement.   
    
3.3 Results and discussion  
3.3.1 Interfacial Sb2S3 functionalization upon I-ions migration 
To reveal the halide migration directly, we recorded I/Br ratio in the CsPbIBr2 perovskite 
layer under potentiostatic treatment in dichloromethane electrolyte (0.1 M Bu4NPF6). Upon hole 
injection into perovskite lattice, the iodide ions were forced to expel from the mixed halide film 
and rearrangement of halide ions with CsPbBr3 domains, considering Brˉ ions redox potential of 
+2.2V and Iˉ of +1.25V (Figure S1). Figure 3.1a showed the interface passivation effect of 
perovskite film on distinct oxidation waves via linear sweep voltammogram. The oxidation wave 
at peak #1 was attributed to the hole ejection and the subsequent movement of iodide ions from 
perovskite into electrolyte. The higher potential position at peak #2 was close to the valence band 
position of perovskite, along with most Iˉ ions were driven to shift. Whereat peak #3, the rapid 
oxidation of iodide in perovskite film occurred rather than be expelled from lattice. The oxidation 
wave unveiled halide composition dependency, oxidation wave of CsPbIBr2 was lower than 
CsPbI2Br with 0.73V to 0.78V, as supposed that iodide ions were trended to shift easily in CsPbIBr2. 
On the other hand, with Sb2S3 passivation, the potential in perovskite film of 0.76V was slightly 
higher than the pristine of 0.73V. As potentiostatic treatment shown in Fig 3.1b and Fig 3.1, the 
time-dependent absorption illustrated the pristine CsPbIBr2 blue shifted and degraded in 120 s, 
with I/Br ratio decrease from 0.5 to 0.075, correspondingly. Whereas the perovskite layer with 
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passivation alleviated the iodide migration process and remained photoactive over 480 s. Due to 
the iodide deficiency in perovskite film, the pristine perovskite underwent color changes from red 
(bandgap of 2.05 eV) to yellow (bandgap of 2.3eV). Meanwhile, the perovskite exhibited a pink 
color with a higher I/Br ratio of 17.1% in terms of Sb2S3 modification. Both absorption shifting 
and I/Br ratio showed the interfacial passivation effect on iodide diffusion behavior in metal halide 
perovskite, which guided us to study the origin of iodide migration from analysis of the defect 
state and the relation of the defect density with halide separation in perovskite. 
 
Figure 3.1. (a) Linear sweep voltammograms of FTO/CsPbIBr2, FTO/Sb2S3/CsPbIBr2, and 
FTO/CsPbI2Br films, respectively. (b) The bandgap changes of perovskite layers via potentiostatic 
treatment at 0.9 V vs Ag/AgCl. The insets in Figure show the pristine perovskite experience color 
change from red to yellow during hole ejection treatment. (c) and (d) UV-vis absorption blue shift 
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induced by iodide expelled from the perovskite layer as a function of treatment time. 
 
In Figure 3.2, in order to determine the influence of Sb2S3 passivation on defect density in 
perovskite, we performed thermal stimulated current (JTSC, pA/cm2) in a completed CsPbIBr2 
device. In brief, the defect traps (mainly attributed to vacancies) can be filled by optically activated 
electrons at low temperatures. After the subsequent heating process in the dark, these electrons 
might be released with a corresponding current signal JTSC. The defect density can be computed 
with current integrating over time as follows, 
  
Where q is the valence of mobile carriers and V is the volume of the perovskite film. To 
measure the JTSC, we detected the current signal by Keithley 2000 after the device was merged in 
liquid nitrogen and illuminated by a white LED lamp (Tokyo). The device without P3HT (hole 
transport layer) was employed as a reference to eliminate the Seebeck effect at the junction. As 
shown in Figure 3.2, the onset of current releasing began at 185 K and all devices exhibited strong 
peaks at around 212K. Excluding the current originated from phase transition and Seebeck effect, 
as a result, the current was attributed to the releasing of trapped electrons. The trap density of 
pristine device of 1.3×1022 m-3 was more than 1 order of magnitude greater than Sb2S3 modified 
device. The lower defect density of 2.2×1021 m-3 indicated a feasible method to eliminate the trap 
defects in perovskites via interfacial passivation. Furthermore, the electron density distribution of 
Sb2S3 molecule was mapped via electrostatic potential (EP) in Figure 3.2c. The rich electron in S 
atom coordinated with Pb atom strongly. The excess electron tended to go into the hybridized bond 
between p-orbital of Pb and the s-orbital of I, which results in modulating the growth and 
crystallinity of the perovskite. Mixed halogen perovskite deforms with the surrounding of Sb2S3 
∫𝐽𝑇𝑆𝐶 ⅆ𝑡 ≤ 𝑞𝑛𝑡𝑟𝑎𝑝𝑉 
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at the interface, which suppresses segregation of halide ions. In addition, the TiO2 electron 
transport layer was notorious sensitivity of ultraviolet light due to oxygen vacancy in 
polycrystalline. The interfacial passivation of Sb2S3 on TiO2 enhanced the stability of perovskite 




Figure 3.2. (a) The thermal release current for device with FTO/TiO2/CsPbIBr2/Au, 
FTO/TiO2/CsPbIBr2/P3HT/Au, and FTO/TiO2/Sb2S3/CsPbIBr2/P3HT/Au, respectively. (b) The 
calculated trap density with corresponding device. (c) The electrostatic potential maps of Sb2S3 
molecule and sulfide as a donor interaction with perovskite lattice via Gutmann theory. (d) 




In this regard, we demonstrated the perovskite morphology in terms of varying Sb2S3 
interfacial passivation in Figure 3.3.  After treatment, the Sb2S3 was coated on TiO2 polycrystalline 
at low concentration of 0.02 M and 0.05 M. However, a thin layer of Sb2S3 crystalline was observed 
on top of TiO2 at a high concentration of 0.1 M. The insertion of Sb2S3 layer at the interface always 
results in a large Voc loss due to the additional surface defects and lower electron mobility of Sb2S3. 
The perovskite growth was affected by Sb2S3 modification, the grain size of the perovskite film 
showed some dependence on Sb2S3 concentration as compared with pristine CsPbIBr2. The 
deposited perovskite on the optimized passivation substrate yielded a compact pin-hole free film 
with an average grain size of 300 nm. However, the 0.1 M Sb2S3 passivation exhibited a shrink of 
grain size with the increase of grain boundaries in films, which offering recombination at the 
interface with high Voc loss. The XRD pattern of the perovskite film showed a slight shift with the 
increase of Sb2S3 concentration, suggesting a smaller crystal size in accordance with SEM images.  
The main peaks at 15.02, 21.27, and 30.15 was attributed to the (100), (110), and (200) plane 
in CsPbIBr2 perovskite film. The half-peak width diminished indicating the passivation effect on 
crystal growth in perovskite, resulting in the fine crystallinity and relaxation of strain based on 
Scherrer equation. In addition, we measured XPS pattern to prove the interaction between sulfides 
with perovskite at the interface in Figure 3.10. XPS spectra of Pb4f slightly shifted to lower binding 
energy due to sulfide incorporated with Pb in perovskite. The interfacial interaction could help to 
stabilize the perovskite phase and be favor of the PCE of device as discussed next section. 
Additionally, Sb3d after passivation showed the coated Sb2S3 on the TiO2 layer. I3d and C3d 
displayed similar shifting peaks comparing with pristine perovskite film, suggesting the 
passivation effect on perovskite lattice. The UV-vis absorption exhibited the passivated layer had 
little effect on the absorption with the onset at 672 nm in Figure 3.4. However, the steady 
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photoluminescence (PL) showed a shoulder peak at 680 nm in reference film. The weak peak was 
attributed to halide phase segregation with the iodide-rich areas in perovskite film, consistent with 
the reported trend. The shoulder peak was eliminated after Sb2S3 passivation, indicating the 
reduced defects and carrier recombination at the interface for high-efficiency devices. 
 
 
Figure 3.3. (a) The XRD pattern of control films and film containing varying Sb2S3 modification. 
(b) UV-Vis absorption spectra of pristine and 0.05 M Sb2S3 passivated films. Steady-state PL for 
CsPbBr2 and 0.05 M Sb2S3 passivated perovskite on glass were marked in the insets. X-ray 
photoelectron spectroscopy (XPS) spectra of (c) Sb3d, (d) Pb4f, (e) Cs3d, and g (3d) for reference 












Figure 3.4. (a) The XRD pattern of perovskite films based on CsPbIBr2, 0.025 M Sb2S3, 0.05 M 
Sb2S3, and 0.1M Sb2S3 modified device. (b) UV-vis absorption of perovskite with Sb2S3 
modification and corresponding PL. (c) The J-V characteristics of champion performing perovskite 
device based on CsPbIBr2, 0.02 M Sb2S3, 0.05 M Sb2S3, and 0.1M Sb2S3 modified device. (d) 
Incident-photon-to-current-efficiency (IPCE) spectra and integrated Jsc of reference and 0.05 M 
Sb2S3 passivated device.  
 
We fabricated the perovskite device with the configuration of 
FTO/TiO2/CsPbIBr2/P3HT/Au, with the perovskite layer modified by varying Sb2S3 concentration. 
The reference device performed the efficiency with PCE of 6.86%, JSC of 9.28 mA/cm2, VOC of 
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1.22 V, and FF of 0.6. The unsatisfying results can be ascribed to the serious charge recombination 
at the interface. The champion device based on 0.05 M Sb2S3 passivation showed an efficiency of 
9.33%, Jsc of 10.62 mA/cm2, VOC of 1.33V, and FF of 0.66. More detailed distribution parameters 
as illustrated in Figure 3.7c, the 35.3% efficiency enhancement was attributed to the increase of 
JSC and VOC. The IPCE of reference and passivated devices presented the integrated JSC increase, 
in accordance with J-V measurement. We also measured the steady-state output at the maximum 
power point of the best-performing device under 1.05 V bias, in which there was no obvious 
decrease in the PCE after 300 s constant illumination. Interestingly, we found the PCE performance 
depend on temperature strongly in the cryogenic voltage-current measurement.  
 
Figure 3.5. (a) The top-SEM characteristics of TiO2 with 0.025 M Sb2S3, 0.05 M Sb2S3, and 0.1M 
Sb2S3 modified layer. (b) The top-SEM characteristics of perovskite layer based on 0.025 M Sb2S3, 
0.05 M Sb2S3, and 0.1M Sb2S3 modified TiO2. (c) The distribution of grain-sized of perovskite film 





At low temperature, the energy fluctuation decreased, and much oriental confinement 
created a lack of ions shifting pathways, hence reducing recombination site with less energy loss. 
A high VOC of 1.46 V at 77 K with Sb2S3 passivated device conformed that the thermal-induced 
defects and halide migration in perovskite were suppressed. We proposed that halide migration 
was exothermic process and chemical passivation could eliminate the driving force of ions 
diffusion at room temperature. The device with VOC of 1.46 V might be the true performance under 
optimizing the passivation strategy for CsPbIBr2 perovskite. 
     
   
 
Figure 3.6. (a) The structure of a completed perovskite solar cell device. (b) The cross-SEM 
characteristics of perovskite solar cell with Sb2S3 modified layer.  
 
We demonstrated the transparence of TiO2 film with Sb2S3 deposition in Figure 3.7 (a). 
After treatment, the Sb2S3 was coated on TiO2 polycrystalline at low concentration of 0.05 M. The 
Sb2S3 passivated TiO2 show a slightly decline in the range from 400 nm to 800 nm. The deposited 
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perovskite on the optimized Sb2S3 passivated layer yielded a compact pin-hole free film with an 
average grain size of 200 nm. However, the 0.1 M Sb2S3 passivation exhibited a shrink of grain 
size with the increase of grain boundaries in films, which offering recombination at the interface 
with high Voc loss.  
 
Figure 3.7. (a) The transmittance spectra of TiO2 and Sb2S3 modified TiO2 substrate. (b) The XRD 
patterns of TiO2 and Sb2S3 modified TiO2 substrate. (c) The energy level of a completed perovskite 
solar cell device. (d) The J-V curve dependent on the temperature from 77 K to 358 K. (e) The 
distribution of Voc, Jsc, FF, and PCE of the optimal device based on Sb2S3 modification. 
 
The XRD pattern of the perovskite film showed a slight shift with the increase of Sb2S3 
passivation, suggesting a smaller crystal size in accordance with SEM images.  The main peaks at 
15.05, 25.02, and 34.15 was attributed the existence of Sb2S3 film on TiO2 substrate. The half-
peak width diminished indicating the passivation effect on crystal growth in perovskite, resulting 





Figure 3.8. (a) The out-put of Sb2S3 modified perovskite solar cells at MPP condition. (b) The 
TRPL patterns of TiO2 and Sb2S3 modified perovskite device. (c) The EIS spectra of a completed 
device. (d) The long time stability of device.  
 
We have showed that the passivation approach could enhance device stability at 
atmosphere with 65% RH at 80 C. The control device without passivation was degraded in 2 h 
under humid air, the reason lied in the ingress of water by vacancy, yielding a chemical reaction 
as H2O-CsPbIBr2 intermediate and accelerating the perovskite decomposition. However, the Sb2S3 
based device could keep 90% of its initial performance over 30 h due to the sulfide interaction 
with perovskite lattice and spatially separated localization of mix halide in perovskite with low 
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entropy. As measured I/Br ratio via EDX in Figure 3.9, the iodide-rich dominated areas were likely 
presented as CsPbI2Br for 1 h aging from starting CsPbIBr2 perovskite, consistent with results 
from PL of shoulder peak at 680 nm. The I/Br ratio map of aging perovskite indicated the halide 
segregation led to rapid degradation, experiencing phase transition from CsPbIBr2 to CsPbI2Br due 
to iodide migration. On the other hand, the perovskite with Sb2S3 modification maintained almost 
the same values after aging. These results demonstrated that the Sb2S3 modificated perovskite 
succeeded in the phase stability and prevented the degradation of perovskite device. The proposed 
model for the phase segregation that naturally occurring due to ion migrations upon operation is 
important for designing high performance inorganic perovskite device. Mobile ion by drift-shifting 
module will be introduced for our next work.  
 
 
Figure 3.9. (a) The EDX mapping of perovskite film. (b) and (c) The I to Br molar ratio of 





Figure 3.10. (a) The XPS spectra of Sb 3d, I 3d, Pb 4f, and Cs 3d, respcetively. (b) The homo of 
Sb2S3 molecule from DFT simulation. 
In mixed halide perovskite, the phase segregation (I-rich or Br rich regions) was believed 
to be related to serious hysteresis and stability issues. The halide segregation in perovskite layer 
was identified to trigger the local physicochemical property change upon external stimulus, 
eventually leading to the degradation in perovskites. The hysteresis index (HI) was presented via 
forward (F) and reverse (R) scan direction. The pristine device exhibited a hysteresis of 34.9% 
according to the equation, Hysteresis Index = (PCEreverse  ̶  PCEforward)/PCEreverse. The severe 
hysteresis was mostly attributed to ions migration at the interface. By contrast, a reduced HI of 
11.21% was calculated with 0.05 M Sb2S3 passivation. Additionally, we employed the 
electrochemical impedance spectroscopy (EIS) to character resistance in perovskite device. The 
recombination resistance (Rrec) and series resistance (Rs) were extracted from Nyquist plots of 
device based on equivalent circuit model in Figure 3.8. The Rs decreased from 31.28 Ω to 4.12 Ω 
upon optimal Sb2S3 passivated device, along with Rrec increased from 7889 Ω to 62096 Ω 
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significantly, leading to enhanced charge extraction with less energy loss. As the Bode spectra 
shown, capacitive features were critically connected to ions migration. At low frequency, the 
capacitance emerged as a consequence of mobile ions induced polarizability in defect sites. Due 
to the suppression of halide ions shifting, the capacitance of the device was reduced from 10-3 
F/cm2 to 10-4 F/cm2 in Figure 3.11b. The Bode spectra showed some temperature dependence, the 
freeze of device led to the capacitance decrease from 10-4 F/cm2 to 3×10-6 F/cm2. In addition, we 
characterized the carrier lifetime decay by time-resolved photoluminescence (TRPL) decay spectra 
(Figure 3.8b). The value of fast decay component (τ1) was mainly related to carrier transfer at the 
interfacial, and the value of slow decay (τ2) was attributed to the charger recombination 41. In my 
paper, τ2 was increased from 6.55 ns for control CsPbIBr2 perovskite to 13.07 ns for Sb2S3 
passivated device respectively. This τ2 was contributed to traps of perovskite from the lower trap 
density at the interface. These results demonstrated experimentally that the halide migration was 
dominated by the thermodynamics process and incorporation of Sb2S3 was an efficient approach 






Figure 3.11. (a) The hysteresis behavior of Sb2S3 modified device. (b) Bode spectra of reference 
and passivated device with fitting. (c) and (d) Temperature-dependent Voc, Nyquist plots, and 
Bode of best-performance device.   
 
Table 3.2. Summary of champion performance from J-V curve based on reference and modified 
devices through reverse bias voltage sweep. 
Sb2S3 Voc (V) Jsc (mA/cm2) FF PCE (%) 
0 1.22 9.28 0.60 6.86 
0.025 1.30 9.03 0.62 7.27 
0.05 1.33 10.61 0.66 9.31 
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0.1 1.19 10.68 0.50 6.35 
 
 
Table 3.3. The J-V parameters with temperature-dependence from 77 K to 358 K.  
T (K) Voc (V) Jsc (mA/cm2) FF PCE (%) 
358 1.24 10.29 0.54 6.89 
298 1.31 10.7 0.65 9.11 
170 1.38 12.01 0.61 10.11 
77 1.46 12.65 0.58 10.71 
298 (Recover) 1.24 8.62 0.56 5.98 
 
3.4 Conclusions 
In this chapter, we presented a direct link between halide migrations to the stability of 
perovskite phase with high entropy. The iodide ions shifting with low diffusion barrier energy were 
efficiently retarded via Sb2S3 passivation method. The interfacial Sb2S3 modification in metastable 
CsPbIBr2 perovskite stabilized the halide phase, leading to a superior stable perovskite compared 
with the reference device. The optimizing device maintained 90% of its initial PCE for 30 h and 
photoactive over 400 h in ambient air. The reduced trap defect in perovskite yielded the enhanced 
PCE of 9.33% with Voc of 1.33V, approaching to the practical limitation of CsPbIBr2 perovskite 
device (Voc of 1.46V in Table 2). We further demonstrated that Sb2S3 passivation can protect 
inorganic perovskite phase segregation and also reduce hysteresis behavior, accounting for 
prolonging the life of device. This section offered an effective passivation method by interfacial 
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Chapter 4. Pyridine complex with Sb (V) as lead-free 
perovskite absorber for solar cells 
 
4.1 Introduction 
Hybrid organic-inorganic halide perovskite solar cells (PVCs) with excellent optical-
chemical properties have changed researches about photovoltaic materials completely. Since 
discovered in 20091,2, the Pb-based perovskites have achieved a striking progression, measured by 
power conversion efficiency (PCE) from 3.8% to 25.2%3,4. The impressive performance of PVSCs 
accompanied by low-cost fabrication process and high tolerance of the laboratory operating 
conditions, have been the mainstream of photovoltaic materials with high research enthusiasm, 
exceeding its predecessors like silicon solar cell5,6, thin-film solar cells (CdTe, CIGS, GaAs, etc.) 
7, dye-sensitized solar cell (DSSCs) 8, and organic solar cells (OPVs) 9. Nonetheless, deployment 
of toxic Pb in PVSCs, still threatens its commercial application at large-scales. The concerns over 
Pb-containing to public health and environment has driven us to focus on Pb substitutes with other 
metals10, such as tin (Sn), germanium (Ge), bismuth (Bi), antimony (Sb), titanium (Ti), etc.  
The IVA group metals, Sn, Ge, and Pb based perovskite solar cells (ABX3, A= 
methylammonium  (MA), formamidinium (FA), or Cs; B= Ge2+, Sn2+, or Pb2+; X= Cl, Br, or I), 
have a similar 3D network structure. Their structures consist of an extended 3D network of corner-
sharing octahedral BX64-, the organic cations fill the 12-fold coordinated voids among the 
octahedra11,12. Among them, tin-based perovskites have been most intensively explored due to low 
toxicity and comparable performance to Pb counterpart. Kanatzidis’ and Snaith’s groups13,14 
demonstrated the application of methylammonium tin triiodide (MASnI3) in photovoltaic devices 
with a PCEs of 5.73%. Recently, Hayase’s group15 partially replaced Pb by Sn with (CsxFA1-
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xSnI3)0.5(MAPbI3)0.5 perovskite, achieving a high photocurrent density over 30 mA/cm2. They 
reported the bandgaps of perovskite was 1.27 eV, which was promising photovoltaic application 
due to the absorption spectra broaden into the near-infrared region. However, we have to admit the 
instability of Ge2+ and Sn2+ due to easily oxidization to quaternary compound, leading to 
perovskite decomposition by breaking apart chemical bonding16-18. Bi-based and Sb-based 
perovskites with stable +3 oxidation state attracted considerable attention as Pb-free candidates. 
For instance, MA3Bi2I9 with edge-sharing of BiX63- octahedra had an indirect bandgap of 2.1 eV, 
exhibiting a PCE of 1.09% as reported by Park et al19-22. Our group23 revealed Cs2NaBiI6 with the 
corner-shared octahedral framework was similar to that of Pb perovskite. Cs2NaBiI6 perovskite 
exhibited a PCE of 0.42% with moisture tolerance and stability against oxygen under ambient 
conditions. 
Recent work by Ju et al. revealed a unique perovskite incorporated with Ti4+ as a formula 
of Cs2TiBr6-xIx. An analysis of the orbital showed that the highest valence band levels (VBM) 
attributed to Br 4p orbital and lowest conduction band levels (CBM) attributed to inner Ti 3d 
orbital24-26. Snaith’s group also designed a new type of lead-free Cs2PdBr6 compound, showing its 
potential as an absorber for solar cells and optoelectronic applications27-29. In addition, Troshin et 
al. utilized bromoantimonate (V) complex as an absorber for solar cells30,31. Those discoveries 
inspire us to explore the metal cations with high valence as a promising light-absorbing material 
for solar cells. Antimony is a suitable candidate due to its relatively stable +3 and +5 oxidation 
states. Both Sb (III) and Sb (V) species complexes with halide were first synthesized in 1930s, 
while applications for solar cells were boosted in recent years32,33. Sb3+ had a similar electronic 
structure (5s2 hybridized with p orbital of I) and PCE up to 3% as MASbSI2 perovskite thin film 
device. On the other hand, Sb (V) complexes with halide had fewer reports, and their chemical 
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properties and applications remained unexplored. In this paper, we technically selected pyridyl 
ligand cations to fill octahedrally SbX6- space to obtained stable complexes, considering 
polypyridyl ligands were widely utilized for synthesis Ir (III), Pt (II), Cu (I), and Ag (I) complexes 
as the emissive components of OLEDs34. In this respect, a series of pyridine derivative (Pyd) 
complexes with Sb (V) were synthesized. The pseudo-perovskite solar cell device with the formula 
PydSbBr6 was proposed via solution-process fabrication methods. Among them, N-
Ethylpyridinium bromide(N-EtPy) and 4-tert-Butylpyridine (tBP) complexes were successfully 
implemented as an absorber layer for solar cell with PCE of 0.33% and 0.1 %, respectively. In 
addition, we provided an analysis to elucidate the composition of Sb (V) based complexes powder 
and thin film.  
4.2 Experimental section 
4.2 Materials 
           Reagent     Purity              Company 
        TiO2 colloids   15% in water                 Alfa Aesar 
        Zinc powder  99.99%              Sigma-aldrich 
      Hydrochloric acid   36.5%  Wako Pure Chemical Industry 
         FTO glass   Glass                    Opvtech 
            SbCl3   98%          Tokyo Chemical Industry 
          H2O2  37% in water          Tokyo Chemical Industry 
  Pyridine  98%                Sigma-aldrich 
          N-EtPy  98%                Sigma-aldrich 
          P3HT   99.7%           Macklin Co., LTD 
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 4-tert-butylpyridine    AR                Sigma-aldrich 
    Chlorobenzene  99.9%                Sigma-aldrich 
N, N-dimethylformamide 99.99%                Sigma-aldrich 
   Dimethyl sulfoxide 99.99%                Sigma-aldrich 
              Au       -              Unico Co., LTD 
 
4.2.1 Preparation of perovskite solar cells 
SbBr3 (361 mg, 1mmol) was dissolved into 8 mL concentrated HBr solution (47%). A 200 
μL H2O2 (30%) was employed to oxidize Sb (III) to Sb (V). H2O2 was dropped into solution slowly 
with continuous stirring for 30 min. The solution was kept at 80C to expel excess H2O2. For 
protonation of pyridine derivatives, 1 mmol organic molecule was dissolved in 2 mL concentrated 
HBr with stirring for 1 h. Finally, both solutions of Sb (V) and organic cations were mixed together 
at room temperature for 4 h. After sufficient reaction, the precipitation was separated by filtering 
and the precipitation was collected into a vacuum drying oven. The powder was drying in the 
vacuum oven at 40C for 2h and kept for further using.  
A device with an n-i-p regular planar structure of FTO/TiO2/perovskite/P3HT/Au was 
fabricated in an N2-filled glove box. In brief, the etched FTO substrates were washed for 20 min 
by acetone (ACE), ethyl alcohol (EtOH), and deionized water in an ultrasonic bath. And then the 
cleaned FTO substrates were kept in the glovebox for usage. In detail, the compact TiO2 layers 
were prepared by spin-coating TiO2 precursor solution (tetrabutyl titanate 0.3 M solution in 
ethanol) on FTO glass with an even speed of 3000 rpm for 40 s. Then, the FTO/TiO2 substrates 
were transferred to an oven for annealing at 500 °C for 30 min. 0.25 mmol/L precursor (0.25 mM 
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in acetonitrile) was spin-coated on FTO/TiO2 substrate at 3000 rpm for 40 s. Then the thin film 
was treated at 40 C for 15 min to obtain uniform perovskite thin film. P3HT (Mw=40000-70000) 
was dissolved in chlorobenzene at 7.5 mg/mL. The HTL was deposited at perovskite film at 2000 
rpm for 30 s. Finally, Au was vacuum thermal deposited at the device at 0.5 A/s for 80 nm thickness. 
Commercial glue was employed for solar cell encapsulation, the procedure was conducted as 
follows, the completed device was kept in the glove box, a clean glass sheet was contacted with 
the device face to face, with 2 uL glue dropping the round the device. Afterword, the device with 
glue was kept in the glove box for 10 min for glue drying. After checking the device, the device 
was kept in the atmosphere and test stability and efficiency. 
4.2.2 Characterization  
The X-ray diffraction (XRD) was scanned from 5 ° to 80 ° at the rate of 0.01s-1 using an X-
ray diffractometer (Rigaku Co., Ltd., Tokyo, Japan) with Cu Kα radiation (λ=1. 54056 Ǻ). The 
field emission scanning electron microscope (FE-SEM) (JSM-6701, JEOL) was used to capture 
the morphology of the perovskite films. A UV-VIS-NIR spectrophotometer (V-670, JASCO Co., 
Ltd., USA) was measured to characterize the optical properties of the samples. The Fourier 
transform infrared spectroscopy (FTIR) was carried out using a spectrometer (4100, Jasco 
Instruments, USA). The IPCE was applied to record the perovskite absorption by monochromatic 
illumination (A 300 W Xenon arc lamp through a Nikon G250 monochromator). The transient 
photovoltage decay measurements were carried out using a 630-nm diode laser via the 5ns pulse 
duration and frequency of 4 Hz. The voltage responses from the device were recorded using a DS-
5554 Iwatsu digital oscilloscope. The electrochemical impedance spectroscopy (EIS) was carried 
out by the 1255B Solartron Analytical. The current response to voltage (J-V) curve was measured 
by a Keithley 2450 solar simulator interfaced with a Xenon lamp (Bunko Keiki BSOX150LC) at 
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100 mW cm-2 under AM 1.5G conditions. The cell area was controlled at 0.08 cm2 by a black metal 
mask to measure the photovoltaic performance of the devices. 
For DFT calculation, all the calculations have been carried out using the open PWSCF code 
as implemented in the Quantum-Espresso program package. For the 0D perovskite model, a unit 
cell consisting of six ASbBr6 units was used. Electron-ion interactions were described by ultra-soft 
pseudopotentials with electrons from Sb 5s, 5d, Br 4s, 4p, and N 2s, as well as shells explicitly in 
the calculations. A 4×4×4 Monkhorst–Pack grid was chosen for sampling the Brillouin zone of the 
tetragonal systems. Plane-wave basis set cutoffs for the smooth part of the wave functions and the 
augmented density of 25 and 200 Ry, respectively, were used for Scalar Relativistic (SR) DFT 
geometry optimizations. The PBE exchange-correlation functional was employed for all the 
reported calculations. The general view of the crystal structure of N-EtPySbBr6 was displayed in 
Figure 2a. We computed that the initial crystal structure of N-EtPySbBr6 has a space group P2 1/n 
(a=20.7 Å, b=7.4 Å, and c=21.7 Å). When the cations are N-EtPy+ and tBP+, the perovskites exhibit 
higher stabilities. The bromines coordinated strongly with Sb5+ due to the electropositivity of Sb5+. 











4.3 Results and Discussion 
4.3.1 Synthesis and character of Sb-based perovskite absorber 
 
Figure 4.1. Family of pyridyl derivatives with relative pyridine ring. 
 
We designed the chemical structure and inspect the properties of complexes by selecting 
organic cations. Figure 4.1. provided the structure of pyridine derivatives as candidates for 
synthesis of stable Sb (V) complexes. Along with pyridine derivatives, other suitable organic 
cations such as phenylethylammonium bromide (PEABr), phenylethylammonium iodide 
(PEAI) and ethylammonium iodide (EAI) were utilized to synthesis those substances. Interestingly, 
the colored powders were only obtained from pyridine derivatives, indicating the function of 
relative pyridine ring on stabilization of the structure of Sb (V) complexes. The chemical reaction 
process was described with equations below. In brief, complexes synthesis consisted of three steps. 
First, the oxidized Sb (III) to Sb (V) in concentrated HBr solution with H2O2. It should be noted 
that there was no product when Sb was at +3 oxidization state. Secondly, the protonation of 
pyridine derivatives was easily carried out with HBr acid solution due to the nature of pyridine as 
Lewis base. Finally, the complexes precipitations were obtained from the HBr solution. Figure 4.2 
guided the Sb (V) complexed synthesis process and device fabrication procedure. Those 
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compounds were accessible by a traditional solution-state synthesis process, subsequently, the 
compounds as absorber layer were deposited on the substrate by spin-coating method. Those 
Pyridine derivatives cations and Sb (V) complexes formed special pseudo-perovskite structure. 
We proposed the structure with organic cations filled the vacancies between SbBr6-
 
octahedra, 
along with coordinated bonding of N-Sb to stable the unit cells. Unlike 0D perovskite, where the 
electron and hole limited in octahedra resulting in recombination, the electron in the complex could 
be localized through pyridine ligand due to π electron delocalization. In Figure 4.2 c), the band 
position measurement of the product powders illustrated that N-EtPySbBr6 and tBPSbBr6 with 2.01 
eV and 1.95 eV, respectively, are suitable for solar cells application. However, the other derivatives, 
Py, and 2-MePy, 3-B-4MePy, and 3-Apy showed more complicated structures. In Figure 5.1, the 
Py complex with Sb (V) were revealed to have the characters of ionic liquid, and it was hard to 
dry under vacuum at 100 C. The thick power in XRD pattern showed crystallization was not 
notable, in accordance with the amorphous SEM image. The smaller 2-MePy organic cation 
shrinking the lattice distance changed the chemical property significantly. The black powder with 
a bandgap of 0.9 eV was insoluble in most of the solvents, which was not suitable for solar cells 
application. 3-B-4MePy, and 3-Apy with wide bandgap would not be discussed in this work. 
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Figure 4.2. a) Schematic illustration of the complexes synthesis process and sequential treatment 
for solar cells. b) Fragment of the structure of pyridine derivative cations with SbBr6-
  
octahedra. 
c) The bandgaps of synthesized powders. 
 
Thus, we focus on the tBP and N-EtPy organic cations complex with Sb (V), exploring 
potential applications for solar cells. The composition of the as-prepared powder was determined 
by SEM and XRD characters. As shown in Figure 4.3, the XRD pattern of N-EtPySbBr6 matched 
well with the previously reported results of N-EtPySbBr6 powder with a small shift. The main 
XRD peaks located at 10.65, 13.26, 13.73, 16.30, 21.21, 22.08, and 23.03 within the XRD 
pattern of N-EtPySbBr6 powder synthesized before. Owning to the size of tBP close to N-EtPy 
76 
 
organic cations, the XRD of tBPSbBr6 was predicted to be similar. The XRD pattern of tBPSbBr6 
was similar to N-EtPySbBr6 powder except the peaks at 7.98, 10.25, and 14.14 due to tertiary 
butyl in tBP rotation out of the plane.  
 
Figure 4.3. a) XRD pattern of the tBPSbBr6 and N-EtPySbBr6 powders, respectively. b) The 
absorption spectrum of pyridine derivatives with Sb (V) complex powders measured by UV-vis 
absorption. c) and d) SEM images of N-EtPySbBr6 and tBPSbBr6 powders, respectively. The 
lower-left corner of each image showed the optical picture of corresponding powders.  
 
The optical image of both complexes showed brown crystalline solid, with fine crystals in 
SEM images, respectively. The UV absorption of films showed similar absorptions as the 
absorption onset appears at ~600nm. It was an encouraging indicator for their potential 
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applications in solar cells. Although the absorption onsets remained the same for both absorber 
layer, the N-EtPySbBr6 thin-film displayed higher absorption than tBPSbBr6 for similar thickness 
due to the reduction of pinholes, where illustrated in Figure 4.5. After deposited on FTO/TiO2 glass, 
the XPS peaks of tBPSbBr6 powder and film were at the same position, indicating the complex 
was unchanged when deformed in bulk or film crystal. As revealed in Figure 4.4, the N 1s and Br 
3d were the elements coordinated with Sb in complex, remained at 398.45 eV and 65.93 eV, 
respectively. Peaks of Sb 3d5/2 and Sb 3d3/2 were at 527.62 eV and 536.98 eV, was close to the Sb 
(V) 3d. It confirmed that Sb (V) coordinated to organic cations in complex, instead of Sb (III) or 
their mix valence. In addition, the chemical valence of tBPSbBr6 kept consistent after depositing 







Figure 4.4. The XPS pattern of tBPSbBr6 powder and film on FTO/TiO2 glass. (a) The wide scale 




4.3.2 The performance of Sb-based PSCs. 
 
N-EtPySbBr6 and tBPSbBr6 thin films were fabricated by traditional solution-state 
deposition methods in acetonitrile (ACN) by spin-coating. Those films in the configuration of 
FTO/TiO2/Perovskite/P3HT/Au were used for light-absorbing. As shown in Figure 5. The 
champion devices yielded PCE of 0.33% and 0.1% under 1 sun illumination, respectively. Those 
79 
 
low PCEs could be attributed to poor surface coverage on FTO/TiO2 substrate. In Figure 5 c) and 
d), the pin-hole rich films from both N-EtPySbBr6 and tBPSbBr6, resulted in low J-V performance. 
Two main reasons were accounted for this phenomenon, 1) both N-EtPySbBr6 and tBPSbBr6 were 
dissolved in the ACN solvent, where the volatile ACN solvent led to fast crystallization after 
annealing, leaving behind a poor film on the surface of the substrate. In addition, tertiary butyl in 
tBP was difficult to crystallize in complex, leaving polycrystalline film with rich pin-holes and 
non-continuous surface morphology, resulting in lower PCE of tBPSbBr6 than N-EtPySbBr6. 2) 
The instability of obtained thin film decomposed rapidly when exposed to the atmosphere. The 
performance of both devices degraded in 30 min, despite their powders was stable for 3 months in 






Figure 4.5. a) J-V curves of photovoltaic devices with N-EtPySbBr6 and tBPSbBr6 films as 
absorber layer, respectively. b) The energy level of the studied devices based on novel absorber 
materials. c) and d) The top-view SEM images of N-EtPySbBr6 and tBPSbBr6 films, respectively. 
 
Figure 4.6 (a) revealed the XRD pattern of tBPSbBr6 film and aging pattern in the blue line. 
After exposed to the atmosphere, the thin film decomposed rapidly into Sb2O3. The XPS pattern 
of Sb (V) also shifted to Sb (III) from 527.67 eV to 527.14 eV in Figure 7. Both analyses confirmed 
the film degraded along with chemical valence changes. The color of film experienced color 
changing from matte red to colorless in 60 min, accompanied by absorption reducing significantly.  
It was supposed that more Sb (V) in films exposed to air, reducing Sb (V) to Sb (III) easily via 
atmospheric media. Once reducing of Sb occurs at the surface, the complex decomposed 
immediately, letting more moisture and oxygen to corrupt in the inner film. The stability of the 
device was a key issue when considering the application for solar cells, therefore we utilized a 
feasible encapsulation method to protect from the air. As shown in Figure 7, by a commercial glue 




Figure 4.6. a) The XRD pattern of tBPSbBr6 device with and without aging. b) XPS pattern of 
pristine Sb and its aging. c) and d) Optical image of device experienced color changing in ambient 
air and corresponding UV-vis absorption spectrum.   
 
The device was stable in ambient air for 12 h with minimal loss in PCE. Indeed, both N-
EtPySbBr6 and tBPSbBr6 were not ideal materials for solar cells due to poor PCE performance and 
stability issue. However, ligand substitution strategy to replace the organic cations to achieve 
suitable absorber materials for solar cells, which is potential for next work. In addition, those 
complex with wide bandgap allowing it sensitive to the high-energy radio wave, might be used as 




Figure 4.7. a) The J-V curves of the device with encapsulation for aging 12 h and the optical image 
of the device aged at air after encapsulation.  
 
 Table 4.1. A summary of recent progress on Sb-based perovskite solar cells. 
Perovskite Device architecture PCE (%) Year Reference 
Cs2SbAgCl6 (Sb3+) -- -- 2016 (36) 
Cs4CuSb2Cl12 (Sb3+) -- -- 2017 (37) 
Bromoantimonate 
(Sb5+) ITO/TiO2/Pers/P3HT/Au 2.0 2017 (30) 
Cs3SbI6 (Sb3+) ITO/PEDOT,PSS/Pers/PCBM/Al 0.5 2018 (38) 
MASbSI (Sb3+) FTO/m-TiO2/Pers/PCPDTBT/Au 3.11 2018 (39) 
Cs3Sb2I9 (Sb3+) -- -- 2019 (40) 
N-EtPySbBrxIy FTO/TiO2/Pers/P3HT/Ag     0.35 2020 (41) 
This work (Sb5+) FTO/TiO2/Pers/P3HT/Au 0.91   
The perovskite is represented by Pers, PCPDTBT is poly(2,6-(4,4-bis(2-ethylhexyl)-4 H-
cyclopenta(2,1-b;3,4-b ′)dithiophene)-alt-4,7(2,1,3-benzothiadiazole)), and PCBM represents 
Phenyl-C61-butyric acid methyl ester. The hyphen means that this perovskite has not been applied 
as perovskite solar cells. 
 
Table 4.2. Average characteristics of J-V measurement parameters on Sb-based perovskite solar 
cells. 
Perovskite Voc (V) Jsc (mA/cm2) FF PCE (%) 





(Forward) 0.69  0.22 1.60  0.31 0.44  0.05 0.490.25 
tBPSbBr6 (Reverse) 0.50  0.15 0.5  0.4 0.38  0.20 0.110.23 
tBPSbBr6 (Forward) 0.48  0.17 0.6  0.5 0.33  0.20 0.100.27 
 
 
Table 4.3. The parameter extracted from Nyquist plots of device based on equivalent circuit model. 
(Rs, series resistance; Rrec, recombination resistance) 
Perovskite device Rs (Ω) Rrec (kΩ) 
N-EtPySbBr6  895 2150 
tBPSbBr6  1158 4550 
 
Table 4.4. Crystal data for N-EtPySbBr6 powder. 
Parameters (Calculated) Values 
Formula (M) (C7H10N)+SbBr6- 
Crystal system, space group Monoclinic, P21/n 
Unit cell dimensions a=20.7 Å, b=7.4 Å, and c=21.7 Å β=101.9 
Volume 3230 Å3 
Z 8 
F(000) 2560 
Crystal size 0.2×0.2×0.3 
Index ranges -19h25, -7k9, -27l25 
 range 3.33-26.12 
 
4.4 Conclusions 
In conclusion, the Sb (V) complex with pyridyl cations have been synthesized and the 
structure of the obtained product was discussed. The complexes with the special pseudo-perovskite 
structure are potential for solar cells due to their photovoltaic properties. The device based on N-
EtPySbBr6 and tBPSbBr6 produced PCE of 0.33% and 0.9%, respectively. With further 
encapsulation, the stability of the devices was improved and PCE performance was kept stable for 
12 h in ambient air. The investigation of perovskite family based on Sb (V) complexes shows a 
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Chapter 5. General conclusions and prospects 
The excellent optoelectronic properties of perovskites have shown their high efficiency 
over 25% recently.  First, we briefly introduced the perovskite as light absorbing materials for solar 
cells and their work principle to high efficiency, which explained their advantages compared with 
silicon solar cells.  
        1. We prepared the La-doped SnO2 as an effective ETL in PSCs at a low temperature 
processing at 180 C. Many studies have indicated that the defect at the interface in perovskite was 
an important factor to the device stability recently. The accumulation of ions or charges at the 
defects near the surface affected the efficiency of PSCs directly. In addition, these defects could 
increase the heat generations in the devices that would impede perovskite stability. Thus, the high 
quality of ETL/perovskite interface was a key factor to the PSCs. We found that the addition of 
lanthanide to the tin precursor solution could reduce the SnO2 crystal aggregation, resulting in a 
pinhole-free surface morphology. The conductivity and transparency of the SnO2 were enhanced 
after the lanthanide doping, thus facilitated the charger injection and transfer of electrons. This 
study revealed the advantages of lanthanide doping within the SnO2 layer, which was an important 
approach for improving the performance of PSCs with a low-temperature processed ETL 
fabrication.                       
2. We also presented the interfacial Sb2S3 modification in metastable CsPbIBr2 perovskite 
stabilized the halide phase, leading to a superior stable perovskite compared with the reference 
device. The optimizing device maintained 90% of its initial PCE for 30 h and photoactive over 
400 h in ambient air. The reduced trap defect in perovskite yielded the enhanced PCE of 9.33% 
with Voc of 1.33 V. We further demonstrated that Sb2S3 passivation can prevent phase segregation 
and reduce hysteresis behavior, accounting for prolonging the life of device. This work provides 
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an effective passivation method to prepare stable and efficient inorganic halide perovskite devices. 
3. We synthesized the Sb-based perovskite with pyridyl cations. These complexes with the 
special pseudo-perovskite structure are potential for solar cells due to their photovoltaic properties. 
The device based on N-EtPySbBr6 and tBPSbBr6 produced PCE of 0.33% and 0.17 %, respectively. 
With further encapsulation, the stability of the devices was improved and PCE performance was 
kept stable for 12 h in ambient air. The investigation of perovskite family based on Sb (V) 
complexes showed a guideline for other stable metal cations as a lead-free candidate for further 
photovoltaic application. 
In summary, the stability of PSCs and toxic lead is the main challenge for the development 
of perovskite. Several drawbacks still existed although there has much improvement in these 
perovskite materials. In order to overcome these drawbacks, we developed new passivation 
methods to optimize the interface of device to increase the efficiency and stability of PSCs. 
Furthermore, we substitute lead with Sb to enrich the perovskite families. This thesis studied on 














Lead-based perovskites have been the subject of intense research in the last few years. A 
great deal of effort has been made to develop interfacial passivation for stable PSCs. Passivation 
of carrier transport layer has been effective in overcoming instability issues of perovskite in humid 
environment. In the future, we will focus on the stability of perovskite for its commercialization 
by optimized passivation strategies. In addition, nontoxic PSCs are the major trend in the future 
photovoltaic materials and the development of perovskite families are very optimistic. The lead-
based PSCs have developed rapidly, from the initial efficiency of 3.8% to the current PCE of 25.2% 
within in only 10 years. By comparison, the lead-free perovskite solar cells have developed well 
in a few years. Therefore, we suppose lead-free PSCs with an optimistic attitude and believes that 
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